The crystalline Ti 50 Cu 50 ribbon was prepared by annealing its amorphous counterpart at 773 K, 84 K higher than its crystallization temperature. An equiatomic TiCu intermetallic phase dominated in the matrix coexisting with trace Ti 2 Cu phase segregated on the grain boundary. A bi-continuous nanoporous copper from tenths of nanometers to hundredths of nanometers was obtained after dealloying the crystalline Ti 50 Cu 50 ribbons in 0.03 and 0.13 kmol/m 3 HF solutions. The TiCu phase stayed inert at the initial immersion and the Ti 2 Cu zone preferentially dissolved to form trenches. After a prolonged immersion in HF solutions, both TiCu and Ti 2 Cu phases were fully dealloyed. Final nanoporous Cu had a multiple-channel characteristic in different regions where various intermetallic phases distributed. Finer nanoporous Cu formed in the regions where the TiCu phase with a higher electrochemical stability dominated.
Introduction
Nanoporous materials with a high surface-to-volume ratio attract the extensive attention due to their application in the fields of catalysts, sensors, and actuators. 13) Recently, a dealloying process has been widely used to prepare the NP metals, such as Cu, Pd and Au, from various binary, ternary, and even multicomponent alloys.
412) The Au-/Pt-decorated nanoporous copper (NPC) has exhibited its great potentials for the replacement of expensive Au/Pt catalysts due to its cost-effectiveness, physical and chemical stability. 4, 5, 8) The coexistence of multi-phases in the matrix is typical of crystalline alloys. Many NPCs have been prepared from crystalline alloys. 1, 38) The effects of the intermetallic phase in AlCu, 4, 6, 7) MnCu, 5, 10) AlPd, 4, 9) AlAu, 11) AgAu, 1, 8) NiMn 12) binary alloys on the final nanoporous structure were investigated extensively. The final nanoporous metals have a sort of multimodal pore-to-ligament structures with various distribution of pore sizes and ligaments from one zone to another one. The selective dissolution of intermetallic, for instance Al 2 Cu, Al 2 Au, Al 3 Pd 2 , Al 3 Pd, NiMn 2 , NiMn etc. has been postulated extensively.
412) It has been concluded that the multichannel nanoporous structures are ascribed to the initial heterogeneous microstructure of starting alloys. 4, 6, 7) Amorphous TiCu ribbons have been fabricated by using a melt spinning method and used as a precursor for the formation of nanoporous Cu by dealloying. 13) The dealloying behaviours of crystalline TiCu alloys are, however, not clear yet. Lu 14) reported that polycrystalline materials with nanometer-sized grains can be prepared by crystallizing amorphous solids under proper heat treatment conditions, which provided us a new way to research the effect of the microstructure on the dealloying of TiCu alloys. It is of necessary to investigate both the evolution of the intermetallic phases in the TiCu alloys during annealing and the effects of crystalline phases on the dealloying behaviours of crystalline TiCu precursors.
The present study focused on the investigation of the dealloying behaviours of crystalline Ti 50 Cu 50 ribbons in HF solutions. In addition, an evolution of the intermetallic phase and phase segregation during annealing was also investigated. The effects of the concentrations of the dealloying solutions and the intermetallic phases on the formation of the final nanoporous Cu were also investigated and discussed from the electrochemical perspectives.
Experimental Procedure
A binary Ti 50 Cu 50 alloy (at%) in a form of ribbons with 20 µm in thickness and 2 mm in width was prepared by arc melting of the mixture of pure Ti (99.99 mass%) and pure Cu (99.9 mass%) and melt spinning in an Ar atmosphere. Then the ribbon samples were firstly sealed in a pre-vacuum glass tube with stuffing Ar gas, and then annealed at 773 K for 1.8 ks following a water quenching. An X-ray diffractometer (Rigaku, RINT 4200) with a Cu-K¡ irradiation and a transmission electron microscope (JEOL, JEM-HC2100) were used to characterize the crystalline state of annealed samples and their microstructure. The TEM samples were prepared by ion milling method. The chemical compositions of the Ti 50 Cu 50 ribbons were confirmed by both TEM EDX and SEM EDX before dealloying. The thermal properties of as-spun ribbons were investigated by a differential scanning calorimetry (DSC) at a heating rate of 0.67 K/s.
The ribbon samples were immersed in 0.03 and 0.13 kmol/m 3 HF solutions under a free corrosion condition open to air at 298 K. After immersion for a given time (3.6 43.2 ks), the dealloyed ribbons were taken out and well rinsed with distilled water and dehydrated alcohol to remove the residual HF solutions. The nanoporosity of the dealloyed samples was characterized by a scanning electron microscope (JEOL, JIB-4610F) and a transmission electron microscope (JEOL, JEM-HC2100) as well.
Results

Characterization of the initial microstructure
The as-spun Ti 50 Cu 50 precursor exhibited a glass transition temperature, T g , of 646 K and the crystallization temperature, T x , of 689 K, as shown in Fig. 1 . It is suggested that annealing at 773 K for 1.8 ks resulted in the complete crystallization. XRD patterns of as-spun and annealed TiCu ribbons were showed in Figs. 2(a) and 2(b). The XRD pattern of as-spun ribbon had a broad diffraction peak around 2© = 41°and another weak diffraction peak around 7075°. Combining with DSC curves and XRD pattern, the initial Ti 50 Cu 50 ribbon had an amorphous structure. After annealing at 773 K for 1.8 ks, the ribbons were completely crystallized, and several sharp diffraction peaks was assigned to tetragonal TiCu intermetallics (JCPDF Card No.: 07-0114). The lattice constant of TiCu phases was calculated to be 0.3116 nm, which was slightly expanded in comparison to the literature data of 0.3108 nm. 15) An average particle size of the precipitated TiCu phases was calculated to be 34 nm by using Scherrer's equation. TiCu, Ti 2 Cu, Ti 3 Cu 4 and Ti 2 Cu 3 intermetallic phases are possibly precipitated during the thermal relaxation for the Ti 50 Cu 50 alloy. The TiCu compound is stable above 773 K, and the present alloy has an equal molar ratio, the TiCu phase should be a final dominated compound in the present annealing condition and water quenching. The equiatomic compound TiCu with the B11 structure has a composition range of 48 to 52 at% Cu.
15) The amount of Ti 2 Cu compound was limited since its characteristic diffraction peaks did not appeared in the XRD pattern ( Fig. 2(b) ). However, the Ti 2 Cu phase preferentially precipitated on the grain boundary zones ( Fig. 3(a) ).
Characteristics of dealloyed Ti 50 Cu 50 ribbons
The residual phases of the Ti 50 Cu 50 ribbon after dealloying in 0.13 kmol/m 3 HF solution for 43.2 ks, as shown in Figure 4 shows the NPC structure of completely crystallized Ti 50 Cu 50 ribbons after dealloying in 0.03 and 0.13 kmol/m 3 HF solutions for 3.6, 10.8 and 43.2 ks. As shown in Fig. 4(a) , after 3.6 ks of immersion in 0.03 kmol/m 3 HF solution, the porous structure with ligaments and pore channels was formed. The distribution of the nanopores differed from region to region: (1) some particles remaining; (2) the large nanopores in the white-contrast regions; (3) the finer nanopores in the dark-contrast regions. The trench-like voids formed around the particles. The average pore size in Fig. 4(a) was about 58 nm. With increasing immersion time, the pores gradually became wider, and the average pore size in Fig. 4 3 HF solution, many particles with a size of ³200 nm were formed in the skeleton of the ligaments, in fact those remaining particles was confirmed to be the TiCu intermetallic phase since a ratio of Ti versus Cu elements was close to 1 on the basis of EDX analysis. The equiatomic TiCu phase stayed inert at the beginning of the dealloying, and the trenches were formed around TiCu particles. On the basis of TEM analysis ( Fig. 3(a) ), the Ti 2 Cu phase was thought to be distributed in the region where the trenches formed. With immersed for a prolonged time of 43.2 ks, not only Ti 2 Cu but also TiCu intermetallics were completely dealloyed to form multichannel NPCs. As shown in Fig. 4(f ) , the pore size differed from region to region. The average pore size of NPCs which was surrounded by the dashed line was confirmed to be 344 nm as shown in Fig. 5(b) . That in the rest region was 151 nm (Fig. 5(c) ). Summarily, the dealloying behaviours of the equiatomic TiCu phases in 0.13 kmol/m 3 HF solution differed from that in 0.03 kmol/m 3 HF solution, particularly the inertness of the TiCu phase in the initial dealloying. The distribution of the multichannel nanoporous structure depended on the initial distribution of the intermetallic phases. The heterogeneous nanoporous structures were caused by the trace Ti 2 Cu intermetallics. The intermetallics in the initial dealloying stages played a key role of the formation of the heterogeneous nanoporous structure. Fig. 4(f ) .
The bright-field TEM images (BFI) and selective area diffraction patterns (SADP) of dealloyed Ti 50 Cu 50 ribbons immersed in 0.13 kmol/m 3 HF solution for 43.2 ks are shown in Fig. 6 . As shown in Fig. 6(a) , the pore-to-ligament structure was clearly visible, the Cu ligaments were revealed. The morphology in Fig. 6 (c) looks similar to that in the region excluding to the dashed line area in Fig. 4(f ) and the pore size was several hundredth nanometers. Some Cu nanocrystals with several tenths of nanometers in size can be observed at the edge of ligaments. The size was consistence with the value of Cu nanocrystals calculated by Scherrer's formula. The high magnification BFI image ( Fig. 6(d) ) demonstrated the accumulation of Cu grains outside Cu ligaments. The grain boundary could be seen between the Cu grains. The accumulation of Cu clusters might be similar to the crystallization process. 5, 6) As shown in Fig. 6(b) , some diffraction rings were assigned to Cu (111), (200), (220) and (311). Other rings were also assigned to Cu 2 O (110), (111), (200), (211), (220) and (311). The amount of Cu 2 O species was small due to the weak intensity of the corresponding diffraction rings. The SADP data thus revealed that the dealloyed ribbons consisted of fcc Cu and a small amount of Cu 2 O, which was consistence with the results of XRD. Furthermore, the HRTEM image (Fig. 6(e) ) exhibited the existence of the crystals in the ligaments. The interplanar distance between adjacent fringes was also confirmed to be about 0.209 nm, which is close to the standard Cu lattice constant of 0.208 nm. Compared to the microstructure in Fig. 3(a) , the existence of trace Ti 2 Cu phases affected the initial dealloying behaviours.
Discussion
The dealloying process experiences several steps: (I) Leaching of less noble elements (II) Diffusion of noble adatoms, rearrangement of noble adatoms; (III) Formation of ligaments. However, the dealloying processes are certainly affected by the distribution of the different intermetallic phases. The Al 3 Pd 2 phase in AlPd alloys and NiMn phase in Ni 38 Mn 62 alloy stay inert and other Al 3 Pd and NiMn 2 phases trigger the dealloying, and finally form the multimodal nanoporous structure embedding with undealloyed Al 3 Pd 2 and NiMn phases. 9, 12) From the perspectives of the electrochemistry, the intermetallics with different chemical compositions, such as Cu-rich and Ti-rich phases, show a different behaviour in HF solutions. The selective dissolution of the Ti 2 Cu phase (Fig. 4(d) and 4(e) ) in 0.13 kmol/m 3 HF solution is attributed to the galvanic coupling between the Ti 2 Cu and TiCu phases. The corrosion potential and the corrosion current density under a free immersion condition are determined by the anodic and cathodic polarization characteristics of each phase. Titanium dissolves in HF solutions according to the following anodic and cathodic reactions: 17) Ti ! Ti 3þ þ 3e
The dissolved Ti 3+ ions are further oxidized by oxidizing agents or anodic polarization and complexed by F ¹ ions.
17)
Under the assumption that both the anodic and cathodic reactions, (1) and (2) , are controlled by an activation polarization, the internal polarization curve for each reaction is given by the Tafel equation (© = E ¹ E eq = a + b log i), which is a straight line in the plot of the logarithm of current density, log i, versus electrode potential, E, as shown as dashed lines in Fig. 7 . In this figure, we assumed that the constant a of the Tafel equation for the anodic reaction (1) depends on the phase composition, because the exchange current density, i 0 , is proportional to the reactant concentration. The constants a and b of the Tafel equation for the cathodic reaction (2) is presumed to be independent of the composition, whereas there are literatures reporting that the Tafel slope of hydrogen evolution reaction, b, in acid solutions is slightly larger for pure Ti (119135 mV/decade at room temperature) 18) than for pure Cu (109122 mV/ decade at room temperature). 19, 20) The external polarization curve of each phase is given by the difference of the internal anodic and cathodic current densities, i a and i c . The intersection of the anodic and cathodic Tafel lines, Point A and B in Fig. 7 , provides the corrosion potential, E corr , and corrosion current density, i corr . The Ti 2 Cu phase has a low value of E corr and a high value of i corr compared to the TiCu phase. Such the difference in E corr leads to the formation of a galvanic couple when the two phases contact each other. The Ti 2 Cu and TiCu phases act as an anode and a cathode, respectively. The intersection of the external anodic polarization curve of Ti 2 Cu and the cathodic one of TiCu, Point C, provides the corrosion potential of the galvanic couple, E corr (G.C.). It must be noted that the cathodic current of the galvanic couple was obtained in Fig. 7 by multiplying the external cathodic current density of TiCu by the area ratio of the two phases, R A (= S TiCu /S Ti 2 Cu ). This is needed because the surface area of the TiCu phase is larger than that of the Ti 2 Cu phase ( Fig. 3(a) ). The dissolution rates of Ti 2 Cu and TiCu phases in the galvanic couple are given by the internal anodic current densities at E corr (G.C.). As marked with Point D and E, the dissolution rate of Ti 2 Cu is accelerated while that of TiCu is inhibited by the formation of a galvanic couple. The fast dissolution of Ti might prohibit the diffusion and rearrangement of residual Cu atoms, resulting in the detachment of Cu atoms from the surface before they form ligaments. This is likely to account for the selective dissolution of Ti 2 Cu and no formation of Cu ligaments from Ti 2 Cu in 0.13 kmol/m 3 HF solution (Fig. 4 (d) and 4(e)).
The anodic dissolution rate of Ti in HF solutions depends on the concentration of F ¹ ions 21) and pH of solutions. 3 HF solution, a galvanic couple will also be established between the Ti 2 Cu and TiCu phases, but the dissolution rate of Ti component in the Ti 2 Cu phase may not be too high to suppress the ligament formation with Cu residues. Ti shows an active to passive transition behaviour under anodic polarization in acid solutions containing F ¹ ions, 21, 22) while the passive current density in fluoride solutions is high compared to non-fluoride acid solutions. The critical current density for the active to passive transition decreases with decreasing F ¹ concentration. The tendency to passivity in a dilute HF solution might decrease the difference in the anodic dissolution rate between Ti 2 Cu and TiCu phases and thus suppress the acceleration of Ti dissolution by the formation of a galvanic couple.
The nucleation and growth of the clusters were involved in the formation of the fcc Cu ligaments via the diffusion of Cu adatoms. 23, 24) The nucleation of clusters is dependent on the densities, coverage and the number of the available atoms.
2527) That is to say that the possibility of the formation of Cu nuclei, Cu clusters and even Cu ligaments depended on the distributed positions and the chemical composition of intermetallics and the diffusion of Cu adatoms in HF solutions. According to the coarsening mechanism, the surface diffusivity is the function of dealloying time, dealloying temperature, and the pore size. The surface diffusivity was estimated by the following equation:
Where k is Boltzmann constant (1.3806 © 10 ¹23 J/K), £ is surface energy, t is the dealloying time (43 200 s), d(t) is the pore size at t, T is the temperature (298 K), and ¡ is the lattice constant. The surface energy is 1.79 J/m 2 for Cu. 7) The surface diffusivity of Cu adatoms in 0.03 and 0.13 kmol/m /s (Fig. 5(c) ) by using eq. (4), respectively. The difference of surface diffusivity of Cu adatoms between the dashed line region and rest regions in Fig. 4 (f ) was confirmed to be 27 which resulted from the different distributions between Ti 2 Cu and TiCu intermetallic phases. Because the diffusion distance of Cu adatoms at the alloy/electrolyte interface played a determining role for the formation of Cu ligaments, 23, 24) more Cu adatoms were generated in the local region where TiCu intermetallics enriched, the Cu adatoms only needed to diffuse for a short distance to unite with adjacent Cu adatoms to form Cu clusters and ligaments. On the contrary, the Cu adatoms in the Ti 2 Cu regions required to diffuse in a relatively longer distance to meet other Cu adatoms to form Cu ligaments. Accordingly, the NPCs in Ti 2 Cu region were rougher (Figs. 4(f ) and 6(c) ).
Conclusion
The equiatomic Ti 50 Cu 50 amorphous alloy had a glass transition temperature of 646 K and the crystallization temperature of 689 K. The TiCu and trace Ti 2 Cu intermetallic phases precipitated after annealing at 773 K. The residue of dealloyed ribbons was confirmed to be fcc Cu and trace Cu 2 O after dealloying in 0.03 and 0.13 kmol/m 3 HF solution. The electrochemical stability of involved intermetallic phases was ranked as following: Ti 2 Cu < TiCu, which led to the formation of a galvanic couple between Ti 2 Cu (anode) and TiCu (cathode). As a result, no NPCs in 0.13 kmol/m 3 HF solution and rough NPCs in 0.03 kmol/m 3 HF solution were formed in the region where the Ti 2 Cu phase distributed. The lower the concentration of F ¹ ions, the finer NPCs formed in the regions where TiCu existed. The surface diffusivity of Cu adatoms in the TiCu regions was more than one order lower than that in the Ti 2 Cu phases, which is another reason for the formation of the finer NPCs in TiCu regions. The structure of the final nanoporous Cu was affected by the initial microstructures and the composition of dealloying solutions. 
